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Fluorescence microscopy enables the visualization of molecules in biological samples and is a critical tool in cell biology. The resolution of conventional microscopy is limited by the diffraction of light. This is described by Abbe\'s Law, *d*=*λ*/2NA, where *d* is the resolution limit, *λ* is the wavelength of light, and NA is the numerical aperture of the microscope objective. A method to overcome the diffraction limit involves sequentially activating sparse subsets of fluorescent molecules, imaging them until they bleach, and localizing each molecule with high precision. This technique, called photoactivated localization microscopy (PALM) or direct stochastic optical reconstruction microscopy (*d*STORM), enables imaging of cellular components at the nm scale[1](#anie201509649-bib-0001){ref-type="ref"} and has been extended to three‐dimensions using interferometric methods[2](#anie201509649-bib-0002){ref-type="ref"} and other strategies.[3](#anie201509649-bib-0003){ref-type="ref"}

The fulcrum of localization microscopy imaging is the photoactivatable label. To be useful, these fluorophores must meet several strict requirements: low background fluorescence in the dark state, high photon yields upon activation, and an attachment strategy for cellular structures. Three major types of photoactivatable fluorophores have emerged as viable labels for localization microscopy. The first class involves photoactivatable or photoconvertible fluorescent proteins, such as mEos2 and other variants.[4](#anie201509649-bib-0004){ref-type="ref"} The second class of localization microscopy label consists of single conventional dyes that can be made photoswitchable under reducing conditions,[5](#anie201509649-bib-0005){ref-type="ref"} either by direct reduction of the dye[6](#anie201509649-bib-0006){ref-type="ref"} or formation of thiol‐dye or phosphine‐dye adducts[7](#anie201509649-bib-0007){ref-type="ref"} (i.e., *d*STORM dyes). The third class of localization microscopy labels are "caged" fluorophores where a synthetic fluorophore is appended with a photolabile group that can be removed or modified by illumination with short wavelength light to elicit a large change in fluorescence.[3c](#anie201509649-bib-0003c){ref-type="ref"}, [8](#anie201509649-bib-0008){ref-type="ref"}

Caged fluorophores have particular advantages as labels for localization microscopy. They typically exhibit higher photon counts than fluorescent proteins, leading to better localization precision. Additionally, caged fluorophores are activated by a photochemical reaction that is defined by the chemical structure of the compound, allowing sparse, controlled turn‐on of individual molecules.[3c](#anie201509649-bib-0003c){ref-type="ref"}, [8](#anie201509649-bib-0008){ref-type="ref"} This eliminates the need for harsh, dye‐specific environmental conditions to elicit photoswitching, as required for *d*STORM dyes.[1d](#anie201509649-bib-0001d){ref-type="ref"}, [5b](#anie201509649-bib-0005b){ref-type="ref"}, [6b](#anie201509649-bib-0006b){ref-type="ref"}--[6d](#anie201509649-bib-0006d){ref-type="ref"} Despite these advantages, caged fluorophores have not been utilized extensively in localization microscopy owing to their challenging syntheses and a limited color palette. Although a few red caged fluorophores have been developed,[8e](#anie201509649-bib-0008e){ref-type="ref"}, [9](#anie201509649-bib-0009){ref-type="ref"} only dyes with green or orange emission have demonstrated utility in PALM;[3c](#anie201509649-bib-0003c){ref-type="ref"}, [8](#anie201509649-bib-0008){ref-type="ref"} these dyes have not been used in multicolor localization microscopy experiments. Thus, facile chemistry towards caged fluorophores with red absorption and emission would expand the current collection of localization microscopy labels and enable multicolor super‐resolution imaging experiments using these versatile dyes.

We previously developed an efficient synthetic route to a derivative of Q‐rhodamine (Rh~Q~; Q for tetrahydroquinoline) bearing nitroveratryl oxycarbonyl (NVOC) caging groups (**1**, Scheme [1](#anie201509649-fig-5001){ref-type="fig"}).[8c](#anie201509649-bib-0008c){ref-type="ref"} To allow facile installation of the photolabile groups we used a reduced, *leuco*‐rhodamine as a synthetic intermediate (Scheme [1](#anie201509649-fig-5001){ref-type="fig"}). This caged Rh~Q~ exhibits excellent photoactivation parameters and photon yield, enabling the first localization microscopy imaging of DNA in a cellular context.[8c](#anie201509649-bib-0008c){ref-type="ref"} Nonetheless, the emission maximum of Rh~Q~ is still green, complicating multicolor imaging with other photoactivatable labels. To overcome this problem, we envisioned creating a red‐shifted isologue of caged Rh~Q~ in which the xanthene oxygen is replaced with a (CH~3~)~2~Si moiety to yield caged Si‐Q‐rhodamine (NVOC~2~‐SiRh~Q~, **2**; Scheme [1](#anie201509649-fig-5001){ref-type="fig"}). The O‐to‐(CH~3~)~2~Si modification elicits a desirable 100 nm bathochromic shift.[10](#anie201509649-bib-0010){ref-type="ref"} Such Si‐rhodamines with an *o*‐carboxyl group on the pendant phenyl ring have recently been shown to be excellent labels for microscopy,[11](#anie201509649-bib-0011){ref-type="ref"} but *N*‐acyl or photoactivatable derivatives of these photostable Si‐rhodamines have not been described.

![Structural formula and retrosynthesis of photoactivatable ("caged") Rh~Q~ **1** and SiRh~Q~ **2**.](ANIE-55-1723-g004){#anie201509649-fig-5001}

We first prepared the unsubstituted SiRh~Q~. As shown in Scheme [2](#anie201509649-fig-5002){ref-type="fig"}, our synthesis starts with known 1‐benzyl‐7‐bromo‐1,2,3,4‐tetrahydroquinoline (**3**). The *N*‐benzyl protecting group was chosen to allow simultaneous deprotection of the aniline nitrogen atoms and reduction of the dye, which is needed later to achieve efficient installation of the caging groups via the *leuco*‐dye strategy.[8c](#anie201509649-bib-0008c){ref-type="ref"} Condensation of **3** with formaldehyde gave bis(tetrahydroquinolinyl)methane **4**. Lithiation and reaction with (CH~3~)~2~SiCl~2~ installed the desired silicon atom, and subsequent oxidation with KMnO~4~ gave Si‐anthrone **5**.[11a](#anie201509649-bib-0011a){ref-type="ref"}, [12](#anie201509649-bib-0012){ref-type="ref"} Previously reported strategies to install the *o*‐carboxyphenyl ring were met with limited success (Scheme S1 in the Supporting Information). We therefore tried the orthoester protecting group, which has not been used in rhodamine syntheses. Lithiation of OBO‐protected benzoate **6** and addition to **5** afforded Si‐rhodamine ester **7** after workup with HCl. Catalytic hydrogenation gave *leuco*‐rhodamine **8** with concomitant removal of the *N*‐benzyl groups. Saponification followed by oxidation of the rhodamine core using *p*‐chloranil gave the desired SiRh~Q~ (**9**) in 68 % over three steps. Interestingly, reduction was necessary for facile removal of the OBO residual 2,2‐bis(hydroxymethyl)propyl ester. Attempts to hydrolyze this ester prior to reduction required forcing conditions that resulted in substantial decomposition of the desired Si‐rhodamine.

![Synthesis of SiRh~Q~ (**9**). a) H~2~CO, AcOH, 60 °C, 77 %. b) i. *sec*‐BuLi, THF, −78 °C, (CH~3~)~2~SiCl~2~. ii. KMnO~4~, acetone, −15 °C, 37 %, (two steps). c) *t*BuLi, **6**, THF, −78 °C, 1 [n]{.smallcaps} HCl, 96 %. d) NH~4~HCO~2~, Pd/C, CH~3~OH/Et~2~O, 50 °C. e) i. LiOH, THF/H~2~O, 55 °C. ii. *p*‐chloranil, CH~2~Cl~2~/CH~3~OH, 68 % (three steps).](ANIE-55-1723-g005){#anie201509649-fig-5002}

We then evaluated the spectral properties of Si‐Q‐rhodamine (**9**) in comparison to those of Rh~Q~ (**10**).[8c](#anie201509649-bib-0008c){ref-type="ref"} Rhodamine **10** shows absorbance maximum (*λ* ~max~) and fluorescence emission maximum (*λ* ~em~) at 538 nm and 558 nm, respectively, an extinction coefficient (*ɛ*) of 9.9×10^4^  [m]{.smallcaps} ^−1^ cm^−1^, and a quantum yield value (*Φ*) of 0.83 (Figure [1](#anie201509649-fig-0001){ref-type="fig"}). The silicon‐analogue **9** exhibited the expected red‐shift with a *λ* ~max~=637 nm and *λ* ~em~=654 nm. Surprisingly, SiRh~Q~ **9** also showed a relatively large extinction coefficient (*ɛ*=7.7×10^4^  [m]{.smallcaps} ^−1^ cm^−1^); previously prepared silarhodamine dyes exhibit significantly smaller absorptivity in aqueous solution (*ɛ*\<2.5×10^4^  [m]{.smallcaps} ^−1^ cm^−1^). The quantum yield value (*Φ*=0.38) was comparable to other Si‐rhodamine dyes.[11](#anie201509649-bib-0011){ref-type="ref"}

![a) Spectral properties for rhodamines **9** and **10**. b) Absorption (abs) and fluorescence emission (em) spectra for rhodamines **9** and **10**. All measurements were taken in aqueous buffer (10 m[m]{.smallcaps} HEPES, pH 7.3).](ANIE-55-1723-g001){#anie201509649-fig-0001}

Based on this promising spectroscopic result, we expanded our synthetic route to prepare caged SiRh~Q~ derivative **2**, which bears a carboxyl group as a handle for bioconjugation (Scheme [3](#anie201509649-fig-5003){ref-type="fig"}). The Si‐anthrone **5** was treated with the aryllithium species from di‐orthoester **11** followed by acid workup. We found it most efficient to simply retain the OBO residual esters as the necessary carboxyl protecting groups; the hydroxyl groups were peralkylated with MOMCl to afford silarhodamine diester **12** from **5** in 82 % yield over two steps. Catalytic hydrogenation of **12** removed the *N*‐benzyl protecting groups and reduced the dye, yielding *leuco*‐rhodamine **13**. As before, the increased reactivity of the aniline nitrogen atoms in **13** allowed facile installation of the NVOC caging groups by acylation with **14** to give caged *leuco*‐rhodamine **15**. Saponification of both ester groups using LiOH followed by oxidation with DDQ gave the desired caged SiRh~Q~ **2** in 86 % yield. To use the free 5‐carboxyl group as a conjugation handle, we prepared the *N*‐hydroxysuccinimidyl ester **16**. From the activated ester, we synthesized a phalloidin conjugate of the dye (**17**) with a short 8‐mer PEG linker (*λ* ~max~/*λ* ~em~=640 nm/655 nm after photoconversion, Figure S1).

![Synthesis of 5‐carboxy‐NVOC~2~‐SiRh~Q~ (**2**) and phalloidin conjugate **17**. a) i. *t*BuLi, THF, −78 °C, 1 [n]{.smallcaps} HCl. ii. MOMCl, DIEA, CH~2~Cl~2~, 82 % (two steps). b) NH~4~HCO~2~, Pd/C, CH~3~OH/Et~2~O, 50 °C. c) **14**, DIEA, CH~2~Cl~2~, 77 % (two steps). d) i. LiOH, THF/H~2~O, 55 °C. ii. DDQ, CH~2~Cl~2~/H~2~O, 86 % (two steps). e) TSTU, DIEA, DMF, 80 %. f) i. H~2~N‐PEG~8~‐CO~2~H. ii. TSTU, DIEA, DMF. iii. phalloidin‐NH~2~, 50 % (three steps). DIEA=*N*,*N*‐diisopropylethylamine; TSTU=*N*,*N*,*N*′,*N*′‐tetramethyl‐*O*‐(*N*‐succinimidyl)uronium tetrafluoroborate; DDQ=2,3‐dichloro‐5,6‐dicyano‐*p*‐benzoquinone.](ANIE-55-1723-g006){#anie201509649-fig-5003}

We then tested the utility of the phalloidin conjugate **17** to image cellular F‐actin on fixed COS‐7 cells, comparing it to the commercially available Alexa Fluor 647‐phalloidin conjugate (AF647‐phalloidin), which has been used extensively in localization microscopy experiments.[13](#anie201509649-bib-0013){ref-type="ref"} Under optimal *d*STORM buffer conditions using a highly inclined and laminated optical sheet (HILO) setup,[14](#anie201509649-bib-0014){ref-type="ref"} the AF647‐phalloidin gave high photon counts (median=5547) and a localization precision of 5.7 nm (Figure S2). In the initial trial of conjugate **17** we imaged in non‐degassed phosphate buffered saline (PBS). As with other NVOC caged dyes, there is sufficient absorption at 405 nm to allow activation with this common laser line.[8c](#anie201509649-bib-0008c){ref-type="ref"}, [8d](#anie201509649-bib-0008d){ref-type="ref"} Using **17**, we observed similar results with higher photon counts per localization event (median=9145) than AF647‐phalloidin but lower theoretical localization precision (6.2 nm) owing to greater fluorescence background. This higher background in the PALM experiment could stem from the propensity of the molecule to adopt the zwitterionic form (shown in Figure [1](#anie201509649-fig-0001){ref-type="fig"}). We then investigated whether we could improve the photon counts through the addition of antibleaching agents. We discovered that the addition of Trolox[15](#anie201509649-bib-0015){ref-type="ref"} caused a dramatic performance improvement in oxygen‐deprived buffer, giving an image of the cellular actin network (Figure [2](#anie201509649-fig-0002){ref-type="fig"} a) with better localization precision (5.3 nm) than either previous experiment owing to substantially higher photon counts (median=14 944). This precision allowed high‐resolution imaging of actin‐rich structures, such as filopodia (Figure [2](#anie201509649-fig-0002){ref-type="fig"} b,c) and smaller features (Figure S3).

![a) Localization microscopy image (HILO) of COS‐7 cell stained with phalloidin conjugate **17**; scale bar: 5 μm. b) Expanded image of boxed region in (a) showing a protruding filopodial structure. c) Line‐scan intensity across filopodial structure in (b; black) and Gaussian fit (red). Full width at half maximum (FWHM)=45 nm.](ANIE-55-1723-g002){#anie201509649-fig-0002}

Given its relatively long absorption maxima and excellent photophysics, we then tested the utility of caged SiRh~Q~ with mEos2[4a](#anie201509649-bib-0004a){ref-type="ref"} in multicolor localization microscopy. To evaluate the cross‐talk between the two labels, we expressed a fusion protein containing mEos2 and a mitochondrial localization sequence and then stained F‐actin with phalloidin conjugate **17**. Mitochondria do not contain actin but associate tightly with the cytoskeleton, providing an ideal test case. The cells were then imaged using iPALM under conditions optimized for mEos2.[2](#anie201509649-bib-0002){ref-type="ref"} Compound **17** and mEos2 exhibited sufficiently different activation cross‐sections to allow successive imaging of the two colors. The actin was imaged first using 1 W cm^−2^ of 405 nm light to activate the SiRh~Q~ and 640 nm to excite the uncaged fluorophore. This low level of activation light and long‐wavelength excitation preserved over 90 % of the mEos2, which could be activated with higher intensity 405 nm light (10 W cm^−1^) and excited with 561 nm light. The results are shown in Figure [3](#anie201509649-fig-0003){ref-type="fig"} with the mitochondrial mEos2 marker rendered in green and the SiRhQ probe shown in red. We observe excellent staining of both the mitochondria and the actin. Importantly the expanded images in both the *x*,*y* and *x*,*z* planes show no cross‐talk between the two dyes. This experiment is the first example of multicolor localization microscopy using a caged dye and a photoconvertible fluorescent protein, validating SiRh~Q~ as a new label for multicolor PALM imaging.

![a) Two color iPALM image of a fixed U2OS cell labeled with phalloidin conjugate **17** (actin, red) and mEos2 (mitochondria, green). b) Enlarged image of boxed area in (a). c) *x*,*y* projection of boxed area in (b). d) *x*,*z* projection of boxed area in (b).](ANIE-55-1723-g003){#anie201509649-fig-0003}

In summary, we describe the design and synthesis of the first photoactivatable Si‐rhodamine and demonstrate its utility in localization microscopy. The probe exhibits higher photon counts than the standard Alexa Fluor 647 label and circumvents the use of reducing buffers to elicit photoswitching, making it relatively simple to implement. These mild imaging conditions and the red‐shifted spectra also enable accurate, multicolor, 3D super‐resolution imaging with a photoconvertible fluorescent protein mEos2. The phalloidin conjugate **17** should enable careful interrogation of protein interactions with the cytoskeleton. We have now described flexible and efficient chemical routes towards different caged rhodamine dyes with absorption maxima spanning 490--640 nm.[8c](#anie201509649-bib-0008c){ref-type="ref"},[8d](#anie201509649-bib-0008d){ref-type="ref"} With this chemistry in hand, the remaining challenge lies in improving the biocompatibility of these caged dyes by increasing their water solubility and incorporating these molecules into known labeling strategies to tag cellular components. This effort will produce a palette of caged fluorophores useful for the preparation of reagents including antibody conjugates, tagged oligonucleotides, and ligands for self‐labeling tags. Such probes will be valuable tools for multicolor localization imaging and other single‐molecule microscopy experiments. Finally, the long‐wavelength absorption and unexpected large extinction coefficient of SiRh~Q~ make it an exciting scaffold for other fluorogenic molecules, such as enzyme substrates and reaction‐based sensors.[16](#anie201509649-bib-0016){ref-type="ref"}
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